Coliphage P1 was used to transduce derivatives of transposons Tn5 and mini-Mu into marine Vibrio spp. Transposon TnS encoding tetracycline resistance (TnS-132) was used to isolate mutants of Vibrio harveyi defective in genes for bioluminescence (lux). Insertion of transposon TnS-132 into the lux gene region was demonstrated by intraspecific transduction with phage hv-1 and by Southern blot hybridization. Transposon mini-Mu, modified to specify tetracycline resistance, was employed to mutagenize genes for lateral flagella synthesis of Vibrio parahaemolyticus. Mini-Mu contains the lacZ structural gene, and transposition results in transcriptional fusion of Vibrio genes with the transposon lacZ gene. Thus, in these fusions, lacZ expression was proportional to the level of transcription of the target gene. Regulation of lateral flagella gene expression was studied in vivo by measuring 3-galactosidase activity, and conditions which activate transcription of these genes were identified. A method for gene cloning with transposon-induced mutations is discussed.
Coliphage P1 was used to transduce derivatives of transposons Tn5 and mini-Mu into marine Vibrio spp. Transposon TnS encoding tetracycline resistance (TnS-132) was used to isolate mutants of Vibrio harveyi defective in genes for bioluminescence (lux). Insertion of transposon TnS-132 into the lux gene region was demonstrated by intraspecific transduction with phage hv-1 and by Southern blot hybridization. Transposon mini-Mu, modified to specify tetracycline resistance, was employed to mutagenize genes for lateral flagella synthesis of Vibrio parahaemolyticus. Mini-Mu contains the lacZ structural gene, and transposition results in transcriptional fusion of Vibrio genes with the transposon lacZ gene. Thus, in these fusions, lacZ expression was proportional to the level of transcription of the target gene. Regulation of lateral flagella gene expression was studied in vivo by measuring 3-galactosidase activity, and conditions which activate transcription of these genes were identified. A method for gene cloning with transposon-induced mutations is discussed.
Bacteria of the genus Vibrio are widespread in marine and estuarine ecosystems, where they exist as planktonic and sessile forms (1) . Sessile forms are found in association with animate and inanimate surfaces. Specialized light organs of fish and squid are colonized by luminescent species, whereas other Vibrio spp. inhabit the gut tracts of marine animals or adhere to chitinous exoskeletons (2, 20, 21) . Attachment to man-made surfaces causes the formation of bacterial films, which results in biofouling and corrosion of ships and machinery in the ocean (9) (10) (11) . The goal of our research was to identify and analyze the adhesive molecules and structures produced by bacteria such as Vibrio spp.
Our experimental approach for investigating bacterial adhesion required the development of a variety of genetic techniques for isolating mutants, cloning genes, and studying the regulation of adhesive functions. Few methods exist for genetic analysis of marine vibrios, but the use of transposon mutagenesis and recombinant DNA technology could greatly facilitate genetic dissection of complex phenotypes in these organisms. We chose to use transposon mutagenesis because, in addition to producing mutants with a null phenotype, this method of mutagenesis results in the insertion of a large segment of DNA encoding a selectable drug resistance marker into the target gene. Since the drug resistance marker is physically linked to the mutated gene, this target gene region can be cloned by selecting for recombinant bacteria which express the drug resistance (3) . Furthermore, the insertion of several kilobases of transposon DNA allows precise physical mapping of the location of the mutation.
We report here the use of transposon Tn5 to mutate genes for bioluminescence (lux) in Vibrio harveyi and of transposon mini-Mu to mutate genes for the production of lateral flagella (laf) in Vibrio parahaemolyticus. These particular gene systems were chosen for mutagenesis in part because the mutant phenotypes were convenient to recognize. Mutants with transposon insertions in the lux genes form nonluminous colonies, and strains with mutations in laf genes do not swarm over the surface of nutrient agar plates. Since lateral flagella produced by marine vibrios may function to attach these bacteria to surfaces (2), mutants with this property will also be useful in studying the process of adhesion.
nitrophenyl-,-D-galactopyranoside) was obtained from Sigma Chemical Co. X-gal (5-bromo-4-chloro-3-indolyl-,B-Dgalactopyranoside) and DNA polymerase I were obtained from Boehringer Mannheim Biochemicals, Indianapolis, Ind. Nutrients and agar were purchased from Difco Laboratories, Detroit, Mich. Preparation of plasmid DNA was by the procedure of Birnboim and Doly (6) . Chromosomal DNA was purified by the procedure of Ditta et al. (12) . Methods for nick-translation labeling of DNA (18) and Southern blot hybridization (22) and ampicillin (at 80 pig/ml), but these strains were very sensitive to tetracycline (at 10 ,ug/ml) and did not frequently mutate to tetracycline resistance. Therefore, transposons which encoded tetracycline resistance were used to mutagenize Vibrio bacteria.
A derivative of transposon TnS, Tn5-132, which encodes tetracycline resistance and which resides on the genome of phage P1 (P1 clrl00cm: :TnS-132), was used to attempt transposon transduction to V. harveyi. A transducing lysate was prepared and used to infect this strain (see above). At a high multiplicity of infection of 5, this lysate appeared to lyse V. harveyi, but no phage production in the bacterium was observed. Upon plating infected bacteria on nutrient plates containing tetracycline, resistant colonies appeared at a frequency of approximately one transductant per 105 infected cells. However, the inheritance of tetracycline resistance was unstable and was rapidly lost when the transductants were cultured in the absence of the selective antibiotic. Only ca. 1% of Tetr transductants were stable. The rapid segregation of the transposon-encoded resistance could be attributed to retention of the transposon on the genome of the transduced P1, which replicated inefficiently in the Vibrio host. When the initial transductants were repeatedly subcultured on selective medium, larger colonies which stably inherited tetracycline resistance were invariably found. These stable transductants were presumed to contain transposon insertions in the Vibrio chromosome and were saved for further analysis. To obtain a large collection of putative transposon mutants, 10,000 tetracycline-resistant colonies from the initial transduction were repeatedly subcultured by replica plating (see above). After The bioluminescent phenotype of V. harveyi was used to measure the mutagenic effect of TnS-132 transposition. Auxotrophic mutants were not used, since this strain did not grow on minimal medium. The 10,000-colony bank of stable transductants was examined for nonluminous (Lux-) mutants by visual inspection in a dark room. Six Lux-mutants were found (Fig. 1) . Three of these could produce light when supplemented with the fatty aldehyde tetradecanal, which is a substrate of the luciferase reaction (13) . Therefore, these three mutants represented defects in the genes for enzymes involved in the synthesis of the aldehyde substrate. The other three mutants did not produce light in response to aldehyde addition, and they could result from the mutation of regulatory functions or of the genes encoding the subunits of luciferase. Transduction of the tetracycline resistance marker from the mutant strains to the Lux' wild-type V.
harveyi was demonstrated with the phage hv-1 (14) . Phage hv-1 was grown on Lux-mutants, and these lysates were used to infect the wild-type recipient at a multiplicity of infection of 0. (8) . We used this cloned fragment to locate the sites of TnS-132 insertion in the luxA luxB gene region. Specifically, restriction digests of chromosomal DNA from the wild-type V. harveyi and from transposon-generated Lux-mutants (strain BB116 with lux-16::TnS-132, strain BB121 with lux-21::Tn5-132, and strain BB197 with lux-97::TnS-132) were electrophoresed on agarose gels, and the DNA fragments were transferred to nitrocellulose paper by the method of Southern (22) . These DNA blots were then hybridized to a 32P-labeled DNA fragment containing luxA and part of luxB or to a plasmid containing Tn5-specific sequences (pAB1O5). The lux-specific probe hybridized to the homologous fragment in the genomic digest of wild-type V. harveyi (Fig. 2) 2) . When the TnS-132 specific probe was used, hybridization was generally obtained to fragments identical to those detected with the lux gene probe, indicating further that the transposon and lux gene sequences were physically linked. No hybridization to DNA fragments was observed when the transposon-specific probe was hybridized to DNA from the wild-type V. harveyi. The location of the transposon insertion in the other aldehyde-independent strain (mutation lux-16::Tn5-132) was not in the 1.8-kbp lux fragment. The positions of TnS-132 in the 1.8-kbp lux fragment were mapped by measuring the sizes of a variety of insertion fragments detected by Southern blot hybridization. Since the location of the luxA and luxB genes in the 1.8-kbp fragment have been determined from DNA sequence data (8), the sites of the transposon insertions relative to the lux structural genes could be deduced. The lux-21::Tn5-132 insertion was in the region immediately 5' to the luxA gene, and the lux-97: :TnS-132 insertion was in the 5' end of the luxB gene (luxB is 3' to the luxA gene). Mutagenesis of V. parahaemolyticus. Transposon mini-Mu was chosen for mutagenesis of V. parahaemolyticus, primarily because this transposon generates transcriptional fusions which would be useful for studying genetic regulation of lateral flagella genes (laf). Mini-Mu (specifically Mu d11681) was derived from Mu dllac phage by deletion of the internal BamHI fragment and is 15.8 Tetracycline-resistant transductants from this infection were obtained at a frequency of ca. 10-6 per infected cell, but, in contrast to the use of TnS-132 in V. harveyi, tetracycline resistance in the initial transductants was stably inherited in the absence of antibiotic selection. A total of 10,000 tetracycline-resistant clones were assembled on master plates for further analysis. Approximately 3% of the transductants were auxotrophic mutants as judged by the growth of bacteria replica plated onto a minimal salt medium. V. parahaemolyticus does not naturally metabolize lactose, so any synthesis of 3-galactosidase should result from transcriptional fusion of the lacZ gene on mini-Mu (Tet9 with the target gene. P-Galactosidase synthesis by the mutant bank was measured qualitatively with the chromogenic substrate X-gal, which stains Lac' colonies blue. Approximately 40% of the mini-Mu (Tetr)-generated mutants expressed detectable amounts of P-galactosidase. Therefore, transduction of mini-Mu (Tetr) by P1 phage into V. parahaemolyticus caused mutations and resulted in fusions which activated transcription of the transposon lacZ gene.
Mini-Mu (Tet9 mutants were initially grown on agar plates, which prevented the swarming movement of bacteria over the agar surface. To detect those strains which were defective in the swarming phenotype, the bank of mutants was replica plated onto an agar medium which would allow swarming (see above). From a bank of 10,000 transductants, 124 nonswarming mutants were isolated. Chromosomal DNA sequences which flank the site of transposon insertion can be cloned by using transposon antibiotic resistance as a selectable marker (Fig. 3) . Several hybrid plasmids were constructed by this method and contained the left end of mini-Mu (Tet), including the tetracycline resistance gene and the lac genes as well as chromosomal sequences adjacent to the left end of the transposon. These recombinant plasmids were 32p labeled by nick translation and were used as hybridization probes in Southern blot analysis to verify the insertion of mini-Mu (Tet') into the chromosome of V. parahaemolyticus.
Hybridization to restriction fragments from the wild-type V. parahaemolyticus and from nonswarming (Laf-) mutant BB720 (laf-720::mini-Mu) is shown in Fig. 4 . 32P-labeled recombinant plasmid pBB720 containing the PstI fragment cloned from strain BB720 (as shown in Fig. 3 ) was used as radioactive probe DNA. DNA sequences from the left end of mini-Mu (Tetr) and from the chromosomal region adjacent to the left end of the transposon in strain BB720 were represented in this probe. Hybridization to a variety of restriction fragments from the wild-type strain was detected. DNA from mutant BB720 did not contain these same fragments but, instead, contained larger fragments which resulted from insertion of the transposon. These larger DNA fragments from mutant BB720 contained both chromosome and transposon sequences, and, when a restriction endonuclease was used which cleaved within the left end of the transposon, two fragments were detected by hybridization (see Fig. 4 , BB720 DNA cleaved with EcoRI). As expected, no transposon sequences could be detected in the wild-type strain. Furthermore, the cloning of a portion of mini-Mu, the leftarm fragment containing the tetracycline resistance gene, from the DNA of a putative transposon mutant (i.e., plasmid (la]) to the lacZ gene of the transposon. Synthesis of Pgalactosidase in these strains was a function of transcription of the target laf gene, and so it was convenient to measure the expression of laf genes in response to environmental conditions. In particular, ,-galactosidase was measured in Lac' fusion strains grown in liquid and on the surface of agar plates. With at least 40% of the Lac' Laf strains, the synthesis of ,-galactosidase, as measured by the quantitative ONPG assay, was influenced by growth on an agar surface. Figure 5 shows the surface-dependent synthesis of P-galactosidase for a typical fusion strain, strain BB661 (laf-661::mini-Mu). It is apparent that ca. 100-fold more ,Bgalactosidase was produced on agar compared with production in a liquid medium. Transcription of a large fraction of the laf genes appears to be controlled by growth on a surface. Expression of lacZ was measured for 100 Lac' (3) . Specifically, the DNA fragments containing the chromosomal region containing the transposons from nonluminous strains with mutations lux-21::Tn5-132 and lux-97::TnS-132 were cloned and then recombined to reconstrUct an uninterrupted, functional luxA luxB gene region. Relatively intense light production in E. coli was obtained after promoter elements (PR and PL from bacteriophage X) were fused to this luxA luxB gene fragment (3) .
By a similar strategy, nionswarming (Laf) mutants resulting from mini-Mu (Tetr) insertion are presently being used to clone laf gene DNA. These recombinant clones are then being used as hybridization probes to identify plasmid clones with large DNA fragments (>20 kbp) containing laf genes. These Laf mnutants and a variety of laf gene recombinant clones will be used to study genetic control of lateral flagella production and to investigate the adhesive function of this organelle. The methods reported here are generally applicable to other gene systems, and we are currently using these methods to study a variety of phenotypes relating to bacterial adhesion.
